ABSTRACT 1 2 Background. Falls in older adults are a major health burden, especially in the long-term care (LTC) 3
INTRODUCTION 21
Falls are the most frequent cause of unintentional injuries among seniors, including 90% of hip 23 fractures 6 and wrist fractures 7 , and 60% of head injuries 8 . Approximately 30% of seniors living 24 independently and 50% in long-term care (LTC) fall at least once each year. Clearly, preventing falls 25 in older adults is a public health priority. 26 27 An important unrecognized challenge to care providers in preventing falls is lack of objective evidence 28 of the mechanisms of falls --"how" and "why" they occur. Few previous studies have measured the 29 movements of the body during actual falls 9 . Instead, our current understanding of the circumstances of 30 falls is based on interviews or incident reports, which rely on the recall accuracy of the faller or 31 witness, if any, to describe the event [1] [2] [3] [4] , or on laboratory-based simulations where participants 32 (typically healthy young adults) are made to trip or slip 10 . This challenges care providers in accurately 33 diagnosing the cause of falls, and impairs development of more senior-friendly environments, valid fall 34 assessment tools, and fall prevention programs. 35
36
The current study addresses this barrier by providing objective evidence of the cause and 37 circumstances of falls in older adults, based on analysis of real-life falls captured on video in two long-38 term care (LTC) facilities. We captured video footage of falls with networks of cameras in common 39 areas of the facilities, and analysed each fall with a validated questionnaire to identify the cause of 40 imbalance, and activities leading to the fall. We then used logistic regression and Poisson models to 41 test whether, among individuals who fell, there were differences between specific causes of falls 42 (tripping, slipping, loss of balance, etc.) , and between different activities at the time of falling 43 (walking, standing, transferring, etc.) , in the proportions of people falling, and the average number of 44 consciousness included sudden loss in muscle tone, syncope, or seizure. Activity at the time of the fall 93 was divided into 11 categories (Table 4) . Cases of "seated/ wheeling in wheelchair" included toppling 94 over or slipping off the chair. 95
Questionnaire Reliability. We assessed the inter-rater reliability of the questionnaire by comparing 97 responses from two teams, each consisting of three members, who analysed 15 randomly-selected 98 videos. In keeping with our team approach to analysis in the main study, we did not record or compare 99 responses from individual members, but rather only consensus responses from each team. For cause of 100 fall, the percentage of agreement between teams was 87%. The corresponding Cohen's kappa was 0.79 101 (95%CI: 0.53-1.0), indicating strong internal consistency. For activity at time of fall, there was 102 agreement between teams in 93% of cases, with a corresponding kappa of 0.91 (95%CI: 0.74-1.0). We 103 also examined intra-rater reliability by having one team re-analyze the same 15 videos 12 months after 104 their first evaluation. For cause of fall, the percentage of agreement was 93%, and the kappa was 0.90 105 (95%CI: 0.72-1.0). For activity at the time of the fall, there was agreement between teams in 93% of 106 cases, with a corresponding kappa of 0.91 (95%CI: 0.74-1.0). 107 108 Data analysis. For each category of "cause of fall" and "activity at the time of the fall," we examined 109 the total number of associated falls, the proportion of participants falling at least once, and the average 110 number of falls per participant. Among the 130 participants included in the study (all of whom had at 111 least one fall), we had footage of more than one fall for 44 individuals, and cannot assume that 112 repeated falls are independent occurrences (but rather reflect consistent underlying risk factors). 113 Accordingly, we used generalized linear models to test whether there were differences between the 114 various causes of falls, and between the various activities at the time of falling, in the proportion of 115 participants falling at least once (defined as (participants captured falling at least once due to a specific 116 cause or activity)/ (all participants captured falling)*100), and the average number of falls per 117 participant. 118 119 Two response variables (fall and number of falls) were analyzed with the GLIMMIX procedure of 120 SAS System® 9.2. Separate models were run for cause of fall, and activity at the time of the fall, as the 121 explanatory variable. The binary variable fall (1 if the participant fell at least once and 0 if they never 122 fell for each level of cause or activity) was analyzed using repeated measures logistic regression. 123
Estimated odds ratios comparing levels of the explanatory variables and corresponding 95% 124 confidence limits were computed. Number of falls was analyzed using log linear Poisson regression 125 with repeated measures. Estimated ratios of the counts comparing levels of the explanatory variables 126 and corresponding 95% confidence limits were computed. Kenward-Rogers degrees of freedom were 127 used for all comparisons. 128
129
We examined all possible pairwise comparisons of estimates between causes, and between activities, 130 using a null hypothesis of equality between proportions (or number of falls). We excluded fall videos 131 where the team selected "can't tell," leaving the analysis with 215 falls for cause of fall, 218 falls for 132 activity at the time of the fall, and 212 falls for cause of fall and activity analysed together. The sponsors of this study were not involved in development of the study protocol, data collection, 136 data analysis, interpretation of results, or manuscript preparation. The corresponding author had access 137 to all data in the study and final responsibility for the decision to submit for publication. 138
RESULTS 141
Cause of fall. The most common cause of falls was incorrect transfer/ shifting of body weight, which 143 accounted for 41.0% (n=93) of all falls captured ( Table 2 ). The estimated proportion of participants 144 falling due to this cause (51.2%, 95%CI: 42.5 -59.8%; Table 2 ), and the estimated number of falls per 145 participant due to incorrect transfer/ shifting of body weight (mean=0.72 falls; 95%CI: 0.59 -0.90) 146 was significantly larger than for all other causes (p≤0.001; Table 3 ). 147
148
The next most-common causes of falls were trip/stumble (accounting for 21.1% of falls), loss of 149 support with an external object (11.0%), hit/bump (11.0%), and collapse/ loss of consciousness 150 (10.6%). There was no significant difference between these four causes in the estimated proportion of 151 participants falling. The least common cause was slipping, which accounted for only 2.6% of falls 152 (n=6). 153
154
Of the 48 falls caused by trip/stumble, 31% were due to the foot "catching" on the ground, or difficulty 155 in raising the foot, 29% to the foot catching on equipment (e.g., wheelchair, walker, or cart), 25% to 156 the foot catching on furniture (e.g., table or chair), 6% to one foot "colliding" with the other, and 6% to 157 being tripped by another person. Of the 25 falls caused by "hit/bump," 80% were due to being 158 pushed/pulled by another person, and 20% to collisions with environmental objects. 159 160 Activity at time of fall. The most common activity at the time of a fall was walking forward, which 161 accounted for 23.8% (n=54) of falls (Table 4) . Three other activities were also commonly associated 162 with falls: standing quietly (accounting for 12.8% of falls), sitting down/ lowering (12.3%), and 163 initiating walking (10.6%). Indeed, there was no significant difference between forward walking, 164 standing quietly, and sitting down/ lowering in estimated proportion of participants falling. The 165 activities associated with fewest falls were standing and reaching (4.8%, n=11), standing and turning 166 (6.2%, n=14), and seated/ wheeling in a wheelchair (5.3%, n=12). 21% of falls (n=48) occurred while 167 using a mobility aid, split evenly between wheelchairs and walkers. 168
169
Combination of cause and activity. Of the 60 possible combinations of cause and activity, 17 170 combinations were associated with six or more falls (Table 6 ). For more than half of these, the cause of 171 fall was incorrect transfer/ shifting of body weight. However, the combination with the greatest 172 number of falls was trip/ stumble while walking forward, which was responsible for 23 falls (10.8%). 173
The next most common combinations were incorrect transfer/ shifting of body weight during the 174 following activities: sitting down/ lowering (16 falls), getting up/ rising (13 falls), walking forward (12 175 falls), and initiating walking (11 falls). 15 falls occurred while tripping on level ground during 176
walking, and about one-third of these appeared to have resulted possibly from incorrect termination of 177 gait 14 . Falls caused by hit/ bump occurred most often while the participant was standing quietly (10 178 falls). Falls caused by collapse/ loss of consciousness occurred most often during forward walking (9 179 falls), while those due to loss of support with an external object occurred most often during sitting 180 down/ lowering (7 falls) and getting up/ rising (6 falls). 181
182

DISCUSSION 183 184
This study provides long-missing objective evidence of the cause and circumstances of falls in older 185 adults, and reveals new avenues for fall injury prevention in LTC. We found that incorrect weight 186 shifting was the most common cause of falls (41% of cases). We also found that three major classes of 187 activities -walking, sitting down, and standing -tied in representing the most common activities at the 188 time of falling. This underlines the need to target each of these activities in fall risk assessment and 189 prevention strategies. for the LTC setting. We found that 25% of trips occurred due to the foot being caught on a chair or 204 table leg, suggesting the need for improved staff awareness of this hazard, and improvements in 205 environmental planning and furniture design. Twenty-one percent of falls occurred during transferring, 206 suggesting the need for exercises to enhance muscle strength, and improved assistive devices which 207 provide adequate body support (e.g., locking of wheels) when moving to and from chairs. Furthermore, 208 while at least 74% of residents were classified as habitual users of assistive devices, only 21% of falls 209 occurred while using an assistive device, reflecting the high risk of transferring to and from, or 210 neglecting to use the device. Most of our falls were captured during mid-afternoon, agreeing with 211 trends recently reported by Rapp and colleagues from the analysis of over 70,000 falls experienced by 212 residents of nursing homes in Germany 20 . 213 214 Our results also inform the design of wearable sensor systems for providing information on movement 215 quality during daily activities, and for automatically detecting falls in older adults -a rapidly 216 developing field 9, 13, 21 . In particular, our results identify the most common sequence of events, 217 including the activities leading to falls, and subsequent causes of imbalance, that should be considered 218 in designing and testing fall detection algorithms appropriate for the LTC population. 219
220
Our results differ substantially from existing literature on the self-reported mechanisms of falls in 221 community-dwelling older adults. When compared to our findings, Nevitt and co-workers 3 reported 222 that community dwelling seniors were more likely to fall during walking, and less likely to fall during 223 standing and transferring. Participants in Overstall et al.'s study were more likely than ours to fall due 224 to tripping, and less likely to incorrect weight shifting 1 . Interestingly, we observed results similar to 225 these previous studies in the portion of falls due to collapse or loss of consciousness (ranging between 226 6-12%). For residents of assisted living facilities, Topper et al. 4 reported a considerably higher portion 227 of falls (54 versus 25%) due to "base of support perturbations" (trips, stumbles, or slips), and a 228 considerably lower percent (32 versus 52%) due to "centre of mass perturbations" (self-induced 229 displacements or externally-applied pushes or collisions). 230 231 These differences are probably due in part to the relatively higher prevalence of cognitive and physical 232 impairment in the LTC population we studied, with corresponding differences in fall mechanisms [22] [23] [24] . 233
Typically, the rate of falls in LTC is two to three times higher than the rate found among community 234 dwelling seniors 25 , and fall prevention strategies shown effective with community-dwelling seniors 235 have not worked in the LTC setting 26 . They may also relate to differences in the locations of falls. We 236 included only falls in common areas, while previous studies of self-reported falls have included falls in 237 bedrooms and bathrooms, which present a different environmental and situational context, in need of 238 further investigation. Conversely, they may be due to errors in self-reported fall circumstances. 239
Accurately recalling the circumstances of a fall is a challenging task even for young adults [27] [28] [29] and 240 fallers may tend to rationalize falls as being due to an external, unavoidable cause, to avoid the 241 perception of vulnerability. representative of all fallers in the LTC facilities we studied. To gain insight on this issue, we compared 251 the demographics (from 263 residents who provided us with consent to access health records) of 252 individuals who fell between January-June, 2010, and either had a fall captured on video (n=32), or did 253 not have a fall captured on video (n=79). Residents with captured falls had characteristics similar to 254 those who fell but were not captured on video (Table 1 ). There were no differences between groups in 255 gender (p = 0.9 from Chi-Square) and mean age (p = 0.7 from t-test). While the rate of Alzheimer's 256 disease was greater in fallers captured versus not captured (34 versus 17%; p = 0.04 based on Chi 257 Square), there were no differences between groups in the percent diagnosed with diabetes, cardiac 258 arrhythmia, hypertension, hypotension, stroke, dementia and Parkinson's disease. 259
There are important limitations to our study. In analyzing video data, the team often faced challenges 261 related to frame rate and camera resolution, distance between faller and camera, and occlusion of body 262 parts from view. Regardless, we observed strong inter and intra-rater reliability of our outcomes. We 263 did not examine the association between fall mechanisms and medical status of participants, given the 264 rather small number of participants (n=41) providing permission to access medical records, and large 265 number of established risk factors to consider. We were also limited, given the nature of our video 266 footage, in identifying the contribution to falls of factors relating to the built environment such as 267 lighting, and situational factors such as changes from usual behaviour or secondary attention tasks 268 (e.g., talking). We did not distinguish true episodes of syncope from, for example, collapse due to 269 fatigue. We did not measure (and are unable to incorporate in a risk analysis) the amount of time spent 270 performing the various activities associated with falls. Nor did we acquire or analyze footage of "near 271 falls" (imbalance episodes followed by successful balance recovery). We again stress that our results 272 summarize the situational context of falls in common areas of the LTC environment. 273
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Research in context Systematic review
We searched PubMed and identified six previous studies that provided detailed information on the cause and circumstances of falls in older adults. Three of these involved surveys of communitydwelling older adults regarding falls over the past 12 months [1] [2] [3] , one involved surveys of older adults in assisted living 4 , and one involved surveys of patients admitted to hospital for hip fracture 5 . Collectively, these studies implicate slips and trips as the most common cause of falls, and walking as the most common activity associated with falls in older adults. A final study, considerably smaller than ours (n=25), analysed video footage of falls in older adults residing in long-term care.
Interpretation
Our study provides the first comprehensive evidence, based on video capture, of the mechanisms of falls in the high-risk long-term care environment. Our results show that the causes of falls in this population are different than described previously, with most being due to self-induced weight shifting, and occurring with equally frequency during walking, transferring, and standing. 
